Plasmonic lasers generate coherent long-range or localized surface-plasmon-polaritons (SPPs), where the SPP mode exists at the interface of the metal (or a metallic nanoparticle) and a dielectric. Metallic-cavities supporting SPP modes are also utilized for terahertz quantum-cascade lasers (QCLs). Due to subwavelength apertures, plasmonic lasers have highly divergent radiation patterns. Recently, we theoretically and experimentally demonstrated a new technique for implementing distributed-feedback (DFB), which is termed as an antennafeedback scheme, to establish a hybrid SPP mode in the surrounding medium of a plasmonic laser's cavity with a large wavefront. This technique allows such lasers to radiate in narrow beams without requirement of any specific design considerations for phase-matching. Experimental demonstration is done for terahertz QCLs that show beam-divergence as small as 4-degrees. The antenna-feedback scheme has a characteristic feature in that refractive-index of the laser's surrounding medium affects its radiative frequency in the same vein as refractiveindex of the cavity. Hence, any perturbations in the refractive-index of the surrounding medium could lead to large modulation in the laser's emission frequency. Along this line, we report ∼ 57 GHz reversible, continuous, and mode-hop-free tuning of such QCLs operating at 78 K based on post-process deposition/etching of a dielectric on an already mounted QCL chip. This is the largest tuning range achieved for terahertz QCLs when operating much above the temperature of liquid-Helium. We review the aforementioned experimental results and discuss methods to increase optical power output from terahertz QCLs with antenna-feedback. Peak power output of ∼ 13 mW is realized for a 3.3 THz QCL operating in a Stirling cooler at 54 K. A new dual-slit photonic structure based on antenna-feedback scheme is proposed to further improve output power as well as provide enhanced tunability.
Introduction
The terahertz region of electromagnetic spectrum has remained relatively underdeveloped as compared to the neighboring millimeter-wave and infrared spectral ranges, primarily due to the lack of convenient, efficient and high-power sources of radiation. Terahertz quantum-cascade lasers (QCLs) are the brightest available solid-state sources of coherent terahertz radiation.
1, 2 Parallel-plate metal-metal plasmonic waveguides are the most effective way of confining terahertz radiation from QCLs owing to the low optical loss in metals at the long-wavelength terahertz frequencies and achieved the highest operating temperature for terahertz QCLs. 3, 4 However, terahertz QCLs with metal-metal waveguide are poor emitters due to the subwavelength mode confinement in the cavity, which leads to poor coupling to free-space radiation, highly divergent radiation patterns and small radiative efficiency from Fabry-Pérot cavities.
5 Such poor beam patterns make such lasers less attractive for coherent detection since the phase of the electromagnetic field shows a rapid variation spatially and also because the optical power is no longer concentrated in a small area, and hence only a small fraction of the output power could be utilized. Therefore, single mode THz-QCLs with good far-field beam patterns are highly desired for high-resolution sensing and spectroscopy applications.
It is well understood that single-mode THz-QCLs with metallic cavities can be realized by implementing periodic openings (slits or holes) in the top metal cladding of the parallel-plate cavity. For THz-QCLs, the guided SPP mode has maximum amplitude at the interface of metal and dielectric active medium, a periodic perturbation in the metal film could provide strong Bragg diffraction up to high-orders for the counter-propagating SPP waves inside the active medium. Therefore, distributed-feedback (DFB) schemes with periodic gratings can be fabricated on top metallic layers. However, early DFB techniques did not achieve very high directionality of far-field radiation in both directions.
6-10 Two-dimensional photonic-crystal like structures with broad area emission 11, 12 have also been explored to improve beam quality. However, large dimensions of the cavities limits the continuous-wave (cw) operation due to inefficient heat-removal from the QCL in operation. More recently, good directionality in both directions was realized with narrow cavities using a third-order DFB scheme.
13, 14
Also, a high-power terahertz vertical-external-cavity surface-emitting-laser (VECSEL) was demonstrated using an active focusing reflectarray metasurface based on quantum-cascade gain material to realize narrow beam patterns as well as elevated power emission but at the cost of complex setting of resonant-cavities and limited ability to achieve a specific frequency of emission within the gain spectrum.
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Recently, we theoretically and experimentally demonstrated a new technique to implement DFB in plasmonic lasers with Fabry-Pérot cavities, which is termed an antenna-feedback scheme. 16 This DFB scheme is fundamentally different compared with other DFB methods that have been conventionally utilized for semiconductor lasers, which is to couple the guided SPP mode in a lasers cavity to a single-sided hybrid SPP mode that can exist in its surrounding medium of the cavity by periodic perturbation of the metallic cladding in the cavity. Such a coupling is possible by choosing a Bragg grating of appropriate periodicity in the metallic film. This leads to excitation of coherent single-sided hybrid SPPs on the metallic cladding of the plasmonic lasers, which couple to a narrow-beam in the far-field. The narrow beam emission is due in part to the cavity acting like an end-fire phased-array antenna at the microwave frequencies, as well as due to the large spatial extent of a coherent singlesided SPP mode that is generated on the metal film as a result of the feedback scheme. The antenna-feedback method is implemented for terahertz QCLs as testbed for which the method is shown to be an improvement over the third-order DFB scheme for producing directional beams 13 since it does not require any specific design considerations for phase-matching.
14 The antenna-feedback scheme is automatically phase-matched and hence it could be utilized for any type of plasmonic laser without any restrictions on the required index in the active medium.
Analysis of antenna-feedback scheme
The schematic in Fig. 1(a) shows an example of a periodic grating in the top metal cladding for a parallel-plate metallic cavity that could be utilized to implement conventional p-th order DFB by choosing the appropriate periodicity. Incident and diffracted wavevectors are k i ≈ 2πn a /λ and k d = −k i respectively, where λ is the freespace wavelength corresponding to the SPP mode and n a is the effective propagation index in active medium (approximately the same as refractive index of the medium), such that the so-called Bragg mode with λ = 2n a Λ/p is resonantly excited because it is, by design, the lowest-loss mode in the DFB cavity within the gain spectrum of the active medium. Here Λ is the grating period, and p is an integer (p = 1, 2, 3 . . .) that specifies the diffraction order. The two SPP waves propagating in the opposite directions couple with each other to establish a standingwave for the resonant-cavity mode inside the cavity. For conventional DFBs, grating period always satisfies the condition that Λ = pλ/(2n a ), as shown in Fig. 1(a) .
Note that there is a phase mismatch for SPP waves on either side of metal claddings and destructive interference between successive apertures, as shown in Fig. 1(b) for propagating SPP waves. However, in contrast to conventional DFB methods in which periodic gratings couple forward and backward propagating waves inside the active medium itself, the antenna-feedback scheme implemented in the metal film allows the guided SPP mode to diffract outside the cavity, a grating period could be chosen that leads to the first-order Bragg diffraction in the opposite direction, but in the surrounding medium rather than inside the active medium itself. Similarly, the single-sided SPP mode in the surrounding medium undergoes first-order Bragg diffraction to couple with the guided SPP wave in the opposite direction inside the cavity, as illustrated in Fig. 1(c) . The SPP wave inside the active medium with incident wavevector k i ≈ 2πn a /λ is diffracted in the opposite direction in the surrounding medium with wavevector k d ≈ −2πn s /λ. The first-order diffraction grating (p = 1) leads to excitation of a DFB mode that,
which is different from any of the p-th order DFB modes that occur at λ = 2n a Λ/p. Hence, the antenna-feedback mode could always be excited by just selecting the appropriate grating period Λ such that the wavelength occurs close to the peak-gain wavelength in the active-medium. The antenna-feedback grating structure is neither completely periodic for the mode propagating inside the cavity, nor for the mode propagating on top of the metal cladding in free-space. However, the combined phase-shift becomes 2π, which suggests that the contribution from each grating aperture adds coherently in free-space in the z direction on top of the cavity as shown Fig. 1 
(d).
For coupling to far-field radiation, the radiation is therefore analogous to that from an end-fire phased array antenna that produces a narrow beam in transverse (x and y) dimensions.
Fig. 2(a)
shows comparison of the eigenmode spectrum and dominant electric-field of a terahertz QCL cavity with antenna-feedback gratings versus conventional DFBs (taking second-order DFB as an example). Radiation loss occurs through diffraction from apertures, The major fraction of EM energy for the resonant modes exists in TM polarized (E y ) electric-field. The antenna-feedback grating excites a strong single-sided hybrid SPP standing-wave on top of the metallic grating (in air), as can be seen from the field-plot of the band-edge mode in Fig. 2 (a). Such waves have been identified as a combination of propagating quasi-cylindrical waves and SPPs bound to the metallic film, 17 and their vertical extent (or decay length in the surrounding medium) is dependent on cavity's geometry rather than properties of the metal layer. In contrast, second-order DFB leads to negligible amplitude of the single-sided SPP wave in air, as shown in Fig. 2(b) . There is a large spatial extent of SPP mode in surrounding medium for antenna-feedback as shown in Fig. 2 (a), which does not exist for any conventional DFB. It is to be noted that the radiative loss for the second-order DFB grating in Fig. 2 is small (∼ 1.6 cm −1 ) since the lowest-loss eigenmode has zeros of radiative component of electric-field E z under the apertures. This is due to the grating period Λ being integer multiple of half-wavelengths in the GaAs/AlGaAs active medium (Λ = 2λ GaAs /2, where λ GaAs ≡ λ/n GaAs ) which leads to smaller net outcoupling of radiation. In comparison, a loss of ∼ 10.6 cm −1 for the lowest-loss resonant-cavity mode of antenna-feedback scheme might suggest a much greater outcoupling. However, for the shown structure, this is not quite true because a large fraction of this loss is due to absorbing boundaries that are implemented close to longitudinal boundaries of the cavity. 16 For the cavity with antenna-feedback, the grating period is not an integer multiple of half-wavelengths inside the active medium (Λ ∼ 0.78λ GaAs ) that leads to large amplitudes of the radiative-field (E z ) in alternating apertures as shown in the figure. While this causes a large outcoupling of radiation to the SPP wave in the surrounding medium, the net radiative loss from the cavity is still quite small since the surrounding SPP wave is bound to the top metal cladding as a standing-wave whose amplitude becomes negligible at the longitudinal ends of the cavity. Hence, it terms of outcoupled power, a terahertz QCL with antenna-feedback scheme as presented in Fig. 2 is not necessarily better compared to that with conventional DFB implementations. Angle(degress) The antenna-feedback scheme allows the metal-cavity semiconductor laser to emit with high directionality along the end-fire direction, much like phased-array antennas commonly used in radio or microwave frequency. Phased-array antenna consists of an assembly of single emitters. Array factor is a function of the geometry of the array and the excitation phase relation between individual elements. Element factor is the radiative pattern of individual elements. According to the beam pattern multiplication theorem of phased-array antenna, the array pattern is the multiplication of array factor and array element pattern (element factor). This approach can be effectively applied to beam pattern calculation of the antenna-feedback scheme to give a deeper understanding of emission characteristics. Since the light out coupled from antenna-feedback laser is along the cavity length direction, it corresponds to the concept of "end-fire arrays" typically used at microwave frequencies, which direct the radiation along the axis of the array (end-fire direction). The grating period in antenna-feedback represents the distance between each element along the axis of end-fire array, as shown in Figure 3(a) , which determines the progressive phase between each succeeding element. Element factor is treated as a single emitting aperture calculated from 2D simulation. Antenna-feedback scheme is engineered that it can effectively provide the feedback for the mode inside and outside the cavity and the grating period is especially designed that it's desirable to couple the laser light out of cavity and direct it into the free space along the axis of the array simultaneously, because only in this end-fire direction can the field add in phase, while destructive addition happens in other directions. This can be seen from the calculated array factor in Figure 3(b) , which has single peak at the angle with zero degree (or 180 degrees) corresponding to end-fire direction. full-width half-maximum (FWHM) of array factor is ∼ 22
• calculated with total length ∼ 1.4 mm from a simple point source model with omnidirectional emitters. Beam pattern could be studied analytically for the one-dimensional linear array, by multiplying the array factor and beam pattern radiation characteristic of each element. The FWHM of beam pattern after multiplication is ∼ 13
• , as shown in Figure 3 (c), as a result of this simplified analytical element factor and antenna model with identical emitting elements without considering any DFB action. Figure 4 shows experimental results from terahertz QCLs implemented with antenna-feedback gratings. The schematic in Fig. 4(a) shows how longitudinal and lateral absorbing boundaries were implemented by leaving a 0.1 µm thick highly-doped (5×10 18 cm −3 ) GaAs layer exposed without a metal cladding, which results in a highly lossy propagation of the SPP modes in those regions. 18 While the former help with DFB's mode discrimination, the latter are useful to eliminate higher order lateral SPP modes by making them more lossy.
Experimental results for THz QCLs with antenna-feedback
11 Fig. 4(b) shows representative L-I curves versus heat-sink temperature for a QCL with Λ = 24 µm. The QCL operated up to a temperature of 124 K. The inset shows measured spectra at different bias at 78 K. Most QCLs tested with different grating periods showed robust single-mode operation. Peak-power output of ∼ 1.5 mW was detected from the antenna-feedback QCL measured directly without any collecting optics at 78 K. Fig. 4 (c) shows spectra measured from four different terahertz QCLs with antenna-feedback gratings of different grating periods Λ. The single-mode spectra scales linearly with Λ, which confirms that the feedback mechanism works as expected and the lower band-edge mode of the DFB mode spectrum is selectively excited in each case.
Comparison of far-field beam patterns for antenna-feedback QCLs between simulation and experimental results are also shown in Fig. 4(d) . Single-lobed beams in both lateral (x) and vertical (y) directions were measured for all QCLs. As shown in Fig. 4(d) , the full-width half-maximum (FWHM) for the QCL with 70 µm width, Λ = 21 µm is ∼ 4
• × 4
• , which is the narrowest reported beam-profile from any single-cavity terahertz QCL to-date. However, narrower far-fields have now been demonstrated based on coupled multi-cavity THz VECSELs. 15 Full-wave 3D FEM simulations were also carried out for terahertz QCL cavities with antennafeedback. The shape and FWHM of the computed radiation-pattern is in close agreement with the experimentally measured beams that are shown in Fig. 4 . The FWHM of simulated beam patterns is slightly larger than that of the measured results. The difference are likely due to the relative simplification of implemented 3D model considering the limitation of computer memory for full-wave simulations.
Large static tuning based on antenna-feedback scheme Antenna-feedback scheme based THz-QCLs are particularly available for a multitude of applications in sensing and spectroscopy due to its ultra narrow beam. However, according to limits on accuracy of lithography utilized to implement DFB, it is still challenging to achieve single-mode emission from DFB QCLs at the exact desired frequency for applications such as high-resolution heterodyne spectroscopy. Frequency tuning post-fabrication is desired to overcome this problem. Prior work on large (> 20 GHz) tuning in Refs. 19, 20 is achieved by perturbing the lateral evanescent mode of metallic cavities, which requires the cavities to be made very narrow (deepsubwavelength, 10 µm wide cavities with the standard 10 µm thickness), and thereby makes the fabrication very challenging (with the requirement of sophisticated dry-etching techniques) as well as degrades the temperature and power performance of the QCLs considerably. Figure 5 . Optical image of a mounted QCL semiconductor chip out of which one of the QCLs with the antenna-feedback scheme is wire-bonded for electrical characterization. The QCL chip is soldered on a small copper chip that itself is screwed onto a bigger copper heat-sink to be mounted on the cold-plate of a cryogenic dewar. Multiple rounds of Silicondioxide deposition and cryogenic measurements were performed on the soldered and mounted QCL chip using PECVD. The tuning of the QCL's single-mode lasing spectrum is shown as a function of the thickness of the deposited oxide. Spectra were measured after each deposition step when the QCL was operated in a liquid-Nitrogen cooled dewar at 78 K in pulsed mode. A net tuning of ∼ 57 GHz tuning is demonstrated for an overall deposited thickness of ∼ 3700 nm.
Recently, a static-tuning technique based on post-process Silicon-dioxide deposition was demonstrated for THz-QCLs with third-order DFB operating at ∼ 10 K with a tuning of ∼ 5 GHz 21 (The tuning could be extended by deposition of solid nitrogen through multiple-cycle condensation to ∼ 25 GHz in a liquid-Helium cryostat). Although this technique is still at the cost of poor characteristics of lasers to realize large fraction of mode existing outside the core of cavity, it provides creative insight to realize large tuning based on antenna-feedback scheme along similar lines of dielectric deposition. We here describe a greatly enhanced continuous tuning range of ∼ 57 GHz that was recently achieved for single-mode QCLs emitting at 2.8 THz and operating at 78 K when such QCLs are implemented with the antenna-feedback scheme. 22 The tuning is achieved by deposition of Silicon-dioxide post-fabrication, and with significantly improved beam profiles. As shown in Equation (1), the refractive index of the surrounding medium is equally important in setting the resonant-frequency of the DFB mode of the laser as is the refractive index of the active medium inside the cavity. Consequently, the resonant-frequency of the DFB mode depends sensitively on the refractive-index of the surrounding medium that could be altered to tune the frequency of the plasmonic laser, 22 which is the technique employed for terahertz QCLs described here. By deposition of Silicon-dioxide post-fabrication, the lasing wavelength undergoes a red-shift with increasing thickness of the oxide, since then, the effective propagation index n s for the SPP wave in the surrounding medium of the QCL will increase. The measured QCL has a grating period Λ = 25 µm and the cavity's dimensions are 100 µm × 1.4 mm × 10 µm. A cleaved chip consisting of QCLs with antenna-feedback gratings was In-soldered on a Cu block, the QCL to be tested was wire-bonded for electrical biasing, and the Cu block was mounted on the cold-stage of a liquid Nitrogen vacuum cryostat for measurements as shown in Fig. 5 . In this experiment, the frequency of the QCL was first measured without any dielectric deposition, and it radiated in a single-mode at ∼ 2.85 THz (λ ∼ 105 µm). Afterwards, the resonantfrequency is changed by depositing Silicon-dioxide on top of the mounted QCL chip using a plasma-enhanced chemical vapor deposition (PECVD) system. QCL's spectra were measured at 78 K in linear-scan mode with a resolution of 0.2 cm −1 using a FTIR with room-temperature pyroelectric detector. Multiple cycles of spectral measurement and oxide-deposition were implemented and the tuning results are collected and a mode-hop-free and continuous tuning of ∼ 57 GHz was realized after an overall deposited thickness of ∼ 3700 nm. Further tuning could not be realized since QCL stopped lasing at 78 K beyond the stated thickness. The spectra shown in Fig. 5 were all measured at similar bias currents. When etching away the deposited SiO 2 on top of the laser device by buffered-HF (BOE 7 : 1) etchant, the QCL was characterized again and its emission properties including the lasing wavelength returned to its original value, which illustrates that tuning by post-process deposition of SiO 2 on terahertz QCLs here is a reversible method. 
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Increased power output from antenna-feedback QCLs
In order to explore the possibility to achieve greater radiative outcoupling from the antenna-feedback scheme, a cavity design with antenna-feedback gratings but without the absorbing boundaries at the longitudinal ends of the cavity is presented next. The motivation comes from the fact that longitudinal absorbers serve to absorb outcoupled radiation on top of the metal-cladding and also lower the maximum operating temperatue of the QCL. However, they play an imporant role in mode descrimination for various longitudinal resonant-modes of the cavity. Simulation results show that for long cavities (in this case, cavities longer than 1.6 mm for ∼ 3 THz emission frequency with slits used for implementing the DFB grating) could lead to preferential excitation of the desired DFB mode. In this case, two gold bonding pads are localized on one side of the laser cavity, a wide doped contact layer of 7 µm is also implemented on the same side of the ridge to prevent mode perturbation or distortion by bonding pad. Fig. 6 (b) shows the L-I curves versus the heat-sink temperature for a QCL with Λ ∼ 21 µm. This QCL has a highest operating temperature ∼ 118 K. Peak output power of ∼ 13 mW was detected without using any collecting optics (in the desired radiative mode), which is ∼ 5 times greater than the value obtained from antenna-feedback scheme with longitudinal absorbers. The peak output power at liquid nitrogen temperatures is still ∼ 7 mW. The inset show the measured spectra at a different bias at 54 K, however, this device does not show robust single-mode operation, which is likely due to the absence of lateral absorbers on one side of laser cavity for the first implementation. In future iterations, lateral absorbers on both sides of the cavity is likely to yield robust single-mode operation, while retaining the increased radiative outcoupling. Experimental far-field beam pattern for the QCL is shown in Fig. 6(c) , where FWHM of ∼ 3
• × 8
• is measured. The narrow-beam emission is accompanied by could-like noise on wider angles, which can be explained by the existence of radiation due to higher-order lateral modes that are also evident in the measured spectra. This scheme of antenna-feedback without the absorbing boundaries at the longitudinal ends of the cavity is promising for realizing antenna-feedback THz QCLs with power output in the range of tens of milliwatt. Figure 8 . Frequency tuning versus deposited oxide thickness for the lowest-loss resonant-cavity mode for a QCL cavity with antenna-feedback scheme and dual-slit design based on antenna-feedback scheme. Tuning result for a 10 µm thick cavity is plotted alongside that obtained through 2D simulations (that models a cavity with infinite width). Inset images shows comparison of the dominant electric field of the resonant-cavity mode of antenna-feedback scheme and dual-slit design of antenna-feedback scheme with 2 µm SiO2 deposition.
Photonic Engineering of Antenna-feedback scheme
To further improve output power from THz QCLs with antenna-feedback scheme, we also propose a "dual-slit" grating architecture. In this case and as shown in the schematic in Fig. 7(a) , one more aperture is implemented for each of grating period, forming a double-slit per period structure. The length of metal strip between original and adding aperture is ∼ 0.2Λ. The distance between each pair of apertures is Λ, so that the desired antennafeedback effect is well maintained and further enhanced. In prior work, it was shown that THz QCLs with second-order DFB achieved improved outcoupling output power with similar dual-slit per unit cell structures.
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Dominant TM polarized (E y ) electric-field along the whole length of cavity for antenna-feedback mode as the lowest loss mode and zoomed in (E y ) electric-field around the center of the cavity are shown in Fig. 6(c) . The loss increases to 14.5 cm −1 (as compared to 10.6 cm −1 ) that is almost entirely due to the increased radiative loss from this dual-slit photonic cavity, which should lead to enhanced output power from such a QCL cavity. Experimental implementation of THz QCLs with such a desigh technique is yet to be realized.
It is also argued that the increased outcoupling efficiency from this dual-slit design based on antenna-feedback scheme would also result into a larger tuning ability due to the fact that there is a larger fraction of electric-field propagating outside the active medium. Consequently, the effective propagation index n s in the surrounding medium will see a greater impact due to mode perturbation, and lead to a greater tuning of the resonant-DFB mode compared to the single-slit architecture. To further validate this a idea, a comparison of simulated tuning curves as a function of the thickness of deposited oxide between antenna feedback scheme and dual-slit design are shown in Fig. 8 . A 2D simulation model from commercial finite-element (FEM) software (COMSOL 4.3) was utilized to estimate the tuning performance for such an implementation. When the deposited Silicon-dioxide is 4 µm, totally ∼ 60 GHz tuning is estimated for the resonant-cavity DFB mode of antenna-feedback scheme. However, dual-slit design based on antenna-feedback scheme presents a ∼ 85 GHz tuning with the same thickness of deposited Silicon-dioxide leading to enhanced tunability. The inset images shows the simulations result for a specific example in which the deposited SiO 2 film is 2 µm thick on the top of the laser cavity. The SPP wave is relatively tightly bound to the top metal cladding and decays in the length of the order of the wavelength in vacuum for both cases, but the dual-slit design shows a considerably lager extension of SPP wave in the vertical direction, which translates to a larger fraction of electric mode that propagates in the surrounding medium.
